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Chloride‐conducting materials are interesting for applications such as sensing purposes,[1](#open201600109-bib-0001){ref-type="ref"}, [2](#open201600109-bib-0002){ref-type="ref"}, [3](#open201600109-bib-0003){ref-type="ref"} biological membrane transport[4](#open201600109-bib-0004){ref-type="ref"}, [5](#open201600109-bib-0005){ref-type="ref"}, [6](#open201600109-bib-0006){ref-type="ref"} and, very recently, for chloride‐ion batteries (CIBs).[7](#open201600109-bib-0007){ref-type="ref"}, [8](#open201600109-bib-0008){ref-type="ref"}, [9](#open201600109-bib-0009){ref-type="ref"}, [10](#open201600109-bib-0010){ref-type="ref"}, [11](#open201600109-bib-0011){ref-type="ref"}

Many high‐temperature chloride conductors exist already and substantial progress has been made in recent decades.[12](#open201600109-bib-0012){ref-type="ref"}, [13](#open201600109-bib-0013){ref-type="ref"}, [14](#open201600109-bib-0014){ref-type="ref"}, [15](#open201600109-bib-0015){ref-type="ref"}, [16](#open201600109-bib-0016){ref-type="ref"}, [17](#open201600109-bib-0017){ref-type="ref"} Nevertheless, few chloride conductors based on polymers have been reported, such as plasticized quaternary ammonium polymers[18](#open201600109-bib-0018){ref-type="ref"}, [19](#open201600109-bib-0019){ref-type="ref"} where poly(diallyldimethylammonium chloride) is used as a fast anion conductor. Hardy and Shriver showed that the ion mobility is only attributed to the chloride and that the use of a plasticizer reduced the tight ion pairing, inducing a beneficial effect on chloride mobility.[18](#open201600109-bib-0018){ref-type="ref"} A series of investigations conducted on chloride transport in cells and tissues[4](#open201600109-bib-0004){ref-type="ref"}, [20](#open201600109-bib-0020){ref-type="ref"} unveiled that chloride ions are transported through special channels in and out of cells. Furthermore, anion‐exchange membranes[21](#open201600109-bib-0021){ref-type="ref"}, [22](#open201600109-bib-0022){ref-type="ref"} were developed to exchange halogenide species that can also be used as a basis to understand transport mechanisms. Also, ionophores (carrier molecules), which selectively transport chloride ions, are known and have been used for sensing purposes.[1](#open201600109-bib-0001){ref-type="ref"}, [2](#open201600109-bib-0002){ref-type="ref"}, [3](#open201600109-bib-0003){ref-type="ref"}, [23](#open201600109-bib-0023){ref-type="ref"}, [24](#open201600109-bib-0024){ref-type="ref"}, [25](#open201600109-bib-0025){ref-type="ref"}

Conducting membranes (or *gel electrolytes*) are widely applied in lithium‐ion battery technologies.[24](#open201600109-bib-0024){ref-type="ref"}, [25](#open201600109-bib-0025){ref-type="ref"}, [26](#open201600109-bib-0026){ref-type="ref"} In general, the prerequisites of a good gel electrolyte can also be applied to a chloride‐conducting membrane: 1) high ionic conductivity, 2) stable in air, 3) mechanical strength, 4) good transference number, 5) thermal and electrochemical stability, and 6) compatibility with electrodes.

Until now, only ionic liquids (ILs), such as 1‐methy‐3‐octylimidazolim chloride mixed with 1‐butyl‐3‐methylimidazolium chloride or 1‐butyl‐1‐methylpiperidinium bis‐(trifluoromethylsulfonyl)imide in propylene carbonate,[7](#open201600109-bib-0007){ref-type="ref"}, [8](#open201600109-bib-0008){ref-type="ref"}, [9](#open201600109-bib-0009){ref-type="ref"}, [10](#open201600109-bib-0010){ref-type="ref"}, [11](#open201600109-bib-0011){ref-type="ref"} have been used in CIBs. The main problem of CIBs with ILs is dissolution of the anode and cathode materials.

Owing to dissolution of the cathode material, only a few cycles can be obtained in batteries with simple chloride salts such as CuCl~2~ or BiCl~3~.[7](#open201600109-bib-0007){ref-type="ref"} Furthermore, dissolution of the electrode materials can lead to unexpected side reactions when lithium or magnesium cations travel through the electrolyte, resulting in erroneous capacity or battery performance. Efforts have been made to identify stable cathode materials, with several publications focusing on the use of air‐sensitive oxychlorides in CIBs.[9](#open201600109-bib-0009){ref-type="ref"}, [10](#open201600109-bib-0010){ref-type="ref"}, [11](#open201600109-bib-0011){ref-type="ref"}

The advantage of CIBs is that chloride sources are sustainable and widely available, making it interesting for large‐scale and cheap storage applications, especially if the materials are air stable and can be handled without the need for special equipment. This would compensate for the lower energy density disadvantage of CIBs.

We investigated air‐stable gel membranes, which can be applied as cathodes in combination with common chloride salts (CuCl~2~, BiCl~3~), or even in combination with organic cathodes such as polyaniline (PANI).[27](#open201600109-bib-0027){ref-type="ref"}, [28](#open201600109-bib-0028){ref-type="ref"} Such membrane‐based dry battery systems have many advantages, such as no leakage, because no volatile or flammable solvents are required. Furthermore, the dissolution of the electrode is avoidable. Finally, polymer‐membrane‐based CIBs have potential in a flexible design using printing technologies, similar to widely studied all‐polymer batteries, which are mostly based on organic redox‐active polymers.[29](#open201600109-bib-0029){ref-type="ref"}, [30](#open201600109-bib-0030){ref-type="ref"}, [31](#open201600109-bib-0031){ref-type="ref"}, [32](#open201600109-bib-0032){ref-type="ref"}

In this work, we synthesized and characterized chloride‐conducting membranes for application in CIBs. A working principle for the oxidation of the anode and reduction of the cathode is shown in Figure [1](#open201600109-fig-0001){ref-type="fig"}.

![Working principle and cell configuration of CIBs utilizing chloride‐conducting membranes.](OPEN-5-525-g001){#open201600109-fig-0001}

We selected three simple polymer‐electrolyte systems that are widely known in lithium or sodium battey systems. Namely, polyvinylchloride (PVC) and polyvinyldifluoride‐hexafluoropolymer (PVDF‐HF) as well as commercial gelatin were evaluated when combined with chloride salts containing large cations, such as tetraethyl ammonium chloride (for gelatin), tetrabutyl ammonium chloride (TBACl) for the PVDF‐HF membrane, and octyltrimethyl ammonium chloride (TOACl) for the PVC membrane.

The different membranes were prepared according to the process explained in the Experimental Section (in the Supporting Information). Gelatin membranes were made by soaking commercial gelatin powder in dimethylsulfoxide (DMSO) and subsequently reacting it with tetraethylammonium chloride (TEACl) (Figure [2](#open201600109-fig-0002){ref-type="fig"} a). PVC membranes were made by combining PVC and TOACl with phthalate plasticizer (Figures 2 b and [2](#open201600109-fig-0002){ref-type="fig"} c). The PVDF‐HF membrane was prepared by mixing PVDF‐HF with PEG400 as the plasticizer and TBACl. The resulting film resembled fluffy cotton wool rather than a polymer electrolyte (Figure [2](#open201600109-fig-0002){ref-type="fig"} c).

![Digital photographs of the three freestanding membranes: a) gelatin, b) PVC, c) PVDF‐HF, and d) PVC stability evaluation.](OPEN-5-525-g002){#open201600109-fig-0002}

IR analysis of the membranes confirmed that the matrix contains the starting materials, whereas the XRD patterns confirmed that the crystalline chloride salts have been embedded in the polymer (Supporting Information).

The thermal stability of the three samples was assessed to evaluate their suitability for practical battery applications. PVC showed thermal stability for temperatures up to 150 °C, followed by a rapid weight loss. This is probably caused by a release of the tetrahydrofuran (THF) solvent together with the decomposition of the membrane matrix starting from approximately 150 °C (Figure [3](#open201600109-fig-0003){ref-type="fig"} a). As expected, the gelatin membrane shows a strong release of solvent, whereas its thermal decomposition seems to commence at 200 °C. PVDF‐HF appears to be stable up to 220 °C before it slowly decomposes. Differential scanning calorimetry (DSC) was performed on the PVC and PVDF‐HF membranes, respectively. The gelatin membrane was excluded, owing to its strong DMSO release at low temperatures. For PVDF‐HF, the heating curves show a cold crystallization at between −70 and −60 °C immediately after smelting at about −60 °C. Furthermore, a second smelting can be observed between −40 and −5 °C. The first cold crystallization is new and cannot be attributed to the PVDF‐HF matrix and might be caused by the chloride salt. The second transitions can be attributed to the glass transition of PEG400 (Figure [3](#open201600109-fig-0003){ref-type="fig"} b and the Supporting Information). During the initial heating, PVC shows an uncommon positive heat‐flow change, which might be caused by chain movement of the polymer. At −45 °C, a double glass transition can be observed, possibly owing to the PVC matrix and phthalate plasticizer. The peaks are fairly broad, indicating a large chain distribution of PVC. At 55 °C, a mass change occurs, possibly owing to the evaporation of THF, which subsequently shifts the second heating curve (Figure [3](#open201600109-fig-0003){ref-type="fig"} c).

![a) TGA of all three membranes, b) DSC of PVDF, and c) DSC of PVC.](OPEN-5-525-g003){#open201600109-fig-0003}

Further tests were performed by using electrochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV).

CV studies do not show any special features and the electrochemical window for PVDF‐HF and PVC lies between −2 and 2 V, whereas gelatin has a stability window between −2.2 and 2.2 V. As seen in Figure [4](#open201600109-fig-0004){ref-type="fig"}, for PVDF‐HF and PVC, no artefacts can be observed, whereas gelatin displays a broad peak at around −1 V and also at around 2 V. The CV was repeated under different test conditions (different electrodes, different membrane thickness, different composition), but the feature was always visible. Owing to the large amount of solvent, we assume that the feature may originate from dissolved oxygen or water in the DMSO solvent, which could be responsible for oxidation and reduction reactions.

![CV of a) PVDF and PVC and b) gelatin, measured from −2.5 to 2.5 V at a scan rate of 20 mV s^−1^.](OPEN-5-525-g004){#open201600109-fig-0004}

All of the membranes demonstrate a decrease in conductivity at low frequencies (Figure [5](#open201600109-fig-0005){ref-type="fig"} a), which is consistent with electrode polarization through the formation of an ionic double layer. At intermediate frequencies, the conductivity plateaus and the DC conductivity can be determined in this regime. The conductivity of the PVC membrane is very low (10^−7^ S cm^−1^ at 25 °C) and, therefore, poor battery performance can be expected. For gelatin and PVDF‐HF, the conductivity is three orders of magnitude higher (10^−4^ S cm^−1^ at 25 °C). At higher frequencies, the conductivity of the PVC membrane increases, which is consistent with dispersive ionic transport.[35](#open201600109-bib-0035){ref-type="ref"} We attribute the lower conductivity in PVC to both a lower concentration as well as lower mobility of ions in this membrane. The capacitance versus frequency is plotted in Figure [5](#open201600109-fig-0005){ref-type="fig"} b. Gelatin and PVDF‐HF demonstrate very similar capacitance values over the entire frequency range. At low frequencies, the capacitance is nearly 10 000 nF cm^2^ and decreases with increasing frequency. PVC, on the other hand, demonstrates capacitance values that are almost an order of magnitude lower at low frequencies.

![EIS spectra of all three electrodes. a) The Cole--Cole plot of the impedance data; the imaginary component of *Z* (Im *Z*) is plotted against the real component (Re *Z*). b) The conductivity versus frequency of the three membranes.](OPEN-5-525-g005){#open201600109-fig-0005}

We also observe a different frequency‐dependent behavior in frequency spectra from PVC. For this sample, capacitance values begin to drop more rapidly with frequency starting at 100 Hz (Supporting Information). This corresponds to a relaxation peak in the Cole--Cole spectra. In contrast, no relaxation peak is observed in the Cole--Cole spectra taken from the gelatin and PVDF‐HF membranes, indicating that ionic mobility in these samples occurs on faster time scales than we observe with impedance spectroscopy.

The cell tests were performed in a two‐electrode Swagelok‐type battery cell, assembled under ambient conditions. For the cathode material, CuCl~2~⋅4 H~2~O was ball‐milled with carbon black (acetylene black) and TBACl in a ratio (wt %) of 70:20:10. A piece of membrane material was punched into a disc (11--12 mm diameter) and 1 mg of cathode material was spread onto the surface and carefully pressed into the membrane disc (Figure [6](#open201600109-fig-0006){ref-type="fig"}). On the other side, a piece of Zn was placed and carefully pressed into the membrane.

![Simple preparation of the electrode; the cathode powder is simply pressed into the surface. Photo: Gelatin membrane prepared with PANI.](OPEN-5-525-g006){#open201600109-fig-0006}

This simple setup allowed us to assess the feasibility of the membranes in CIBs, and we did not focus on cathode optimization. Incorporation of a cathode material into the electrolyte in further studies will allow for a more efficient assessment.

The discharge was performed at room temperature by using a constant current of 7⋅10^−6^--1⋅10^−5^ A. Interestingly, the CuCl~2~ cathode shows the best performance in combination with the gelatin membrane, whereas the PANI cathode operates well when combined with the PVDF‐HF membrane. It is not clear from our analysis why PVDF‐HF performs best in combination with PANI and gelatin fails completely. For both cathodes, the open‐circuit voltage (OCV) started between 1.5 and 1.2 V followed by a drop, possibly owing to poor ionic conductivity of the cathode material or because of poor contact. The discharge plateau occurs between 0.8 and 0.9 V for the CuCl~2~ cathode and between 0.6 and 0.8 V for PANI. Discharge capacities of around 120 and 150 mAh g^−1^ can be observed (Figure [7](#open201600109-fig-0007){ref-type="fig"}). This result is similar to other air‐stable all‐polymer batteries[29](#open201600109-bib-0029){ref-type="ref"}, [30](#open201600109-bib-0030){ref-type="ref"}, [31](#open201600109-bib-0031){ref-type="ref"}, [32](#open201600109-bib-0032){ref-type="ref"}, [34](#open201600109-bib-0034){ref-type="ref"} and a promising start for our very rudimental battery setup.

![Discharge curves of PVDF and gelatin combined with CuCl~2~/C and PANI as the cathode material, respectively.](OPEN-5-525-g007){#open201600109-fig-0007}

As expected, PVC showed only poor electrochemical performance, even at elevated temperature (50 °C) and is not represented here (Supporting Information). CuCl~2~ was used to assess whether Cu^2+^ ions penetrate or migrate through the membrane. We expect a blue--green coloration of the membrane in the case of a reaction with the cathode. However, we only observed coloration of the membrane at points where it was directly in contact with the CuCl~2~ powder.

To evaluate the electrochemical and possible side reactions, the anode and cathode were subjected to post‐mortem analysis by using scanning electron microscopy combined with energy‐dispersive X‐ray spectroscopy (SEM/EDX) and XRD. The anode was characterized by using SEM/EDX to detect a ZnCl~2~ deposit. It is worth noting that this evaluation was difficult, owing to the strong adhesion between the membrane and the current collector, as alterations of the surface as well as contaminations originating from the cathode material are possible (Figure [8](#open201600109-fig-0008){ref-type="fig"} c). For all membranes, the formation of deposits on the Zn anode is visible, (Figures 8 a and [8](#open201600109-fig-0008){ref-type="fig"} b), and only parts of the anode surface are covered with Zn‐chloride species (possibly ZnCl~2~, Zn‐oxychloride, or ZnCl~2~ hydrates). This is likely caused by an uneven contact between the anode, membrane, and current collector.

![SEM and EDX of the Zn anode after discharge combined with a) the PVC membrane (Zn‐chloride crystallites are visible), b) the gelatin membrane (uneven distribution of ZnCl deposits), and c) the PVDF‐HF membrane (firmly sticking to the surface of the anode; d) SEM images of Zn‐chloride species formation on the membrane (PVC) itself.](OPEN-5-525-g008){#open201600109-fig-0008}

Although the PVC membrane showed only poor discharge performance, hexagonal particles could still be observed on the Zn anode, indicating that the conversion reaction took place even in this setup (Figure [8](#open201600109-fig-0008){ref-type="fig"} a).

Occasionally, "Zn‐chloride" crystal depositions are found in the first layer of the membrane, particularly in the case of the PVC membrane (Figure [8](#open201600109-fig-0008){ref-type="fig"} d). We suspect that Zn^2+^ diffusion occurs at the contact point between the Zn anode and the membrane, with the subsequent formation of "ZnCl" in cavities at the surface of the membrane (more details in the Supporting Information).

To confirm that the reduction reaction took place, XRD measurements were performed. In a few cases, it was possible to see the formation of metallic copper with the naked eye; however, it remains to be confirmed that this is not an indication for problems inside the battery, such as short circuiting.

Nevertheless, conclusive XRD patterns indicating the existence of "Cu^I^Cl" or even Cu could not be obtained by using CuCl~2~ pressed onto the membrane and Zn particles present on the other side. We, therefore, switched to BiCl~3~/BiOCl, as bismuth metal generates a pair of very characteristic peaks and can thus be used to detect changes in anion batteries.[35](#open201600109-bib-0035){ref-type="ref"}, [36](#open201600109-bib-0036){ref-type="ref"}, [37](#open201600109-bib-0037){ref-type="ref"} Afterwards, discharge XRD analysis was performed; the broad diffraction signal of the polymer is visible as well as the characteristic peaks of metallic Bi (Supporting Information).

Based on these observations, we assume that our membrane batteries behave as CIBs. The conductivity in the membranes is rather low compared to the IL mixtures commonly used in chloride‐ion batteries. Another limitation in membrane electrolytes is that electrochemical reactions can only occur at the electrode--electrolyte interphase (Figure [9](#open201600109-fig-0009){ref-type="fig"} a).

![a) The membrane is placed directly on a slurry‐coated electrode inducing poor contact, and only the top most level directly in contact with the membrane is involved in electrochemical reactions. b) Polymer composite electrodes would comprise the electrode material directly embedded in the chloride‐conducting membrane along with electron conducting species.](OPEN-5-525-g009){#open201600109-fig-0009}

This means that polymer composite electrodes (cathode materials combined with electrolyte and electron‐conducting materials) and improved anode systems are required for future developments of this battery system.

Our results show that no "metal migration" through the membrane has taken place; however, as no cycling was performed for the first tests, it is unclear if this will be an issue in future. In that case, the use of complexing agents may prevent migration of metal cations. Furthermore, the transformation of metal salts to pure metals may cause the growth of dendrites through the membrane, causing short circuiting. This could be circumvented with optimized battery design, including the incorporation of separators in the membrane.

In summary, three chloride‐conducting polymer membranes were prepared based on the well‐known polymer matrices PVC, PVDF‐HF, and gelatin combined with commercial chloride salts. Analytical tools were applied to characterize the membranes and full incorporation of the chloride salts was confirmed by using XRD. TGA showed thermal stability up to 150 °C for the PVC membranes. Higher stability was observed for both the PVDF‐HF and gelatin membranes. For the gelatin membrane, a heavy loss of solvent upon heating was observed. EIS measurements indicated chloride‐ion migration. PVC provided the lowest conductivity (10^−7^ S cm^−1^), whereas the other membranes demonstrated conductivity values above 10^−4^ S cm^−1^, which is acceptable for such types of solid electrolytes.

For prototype battery tests, a simple construction method was used. The cathode and anode materials are pressed on each side of the membrane at ambient conditions. CuCl~2~/C powder was used as the cathode material, PANI salt was applied as the organic cathode, and a piece of Zn was used as the anode. This rudimental setup showed a low OCV of 1.2 V and a discharge plateau at around 0.8 V, with reproducible discharge curves. Low performances can be attributed to poor connections of the different interphases (ionic as well as electric) as well as to the use of low‐cost materials. The conversion of Zn to "Zn‐chloride" species could be confirmed through SEM/EDX observations, and the conversion of the cathode side was monitored by XRD using the transformation of BiCl~3~/BiOCl to Bi.

It can be concluded that the use of solid membrane electrolytes appears to be feasible and, thus, could be promising for future applications in CIBs. This system would be particularly promising when the cathode and anode materials are incorporated in the membrane electrolyte and a fully flexible all‐polymer battery could be constructed.

Currently, the charging behaviors are being investigated along with deeper studies on chloride migration.
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